P
REVENTING PERINATAL AND early childhood infections by providing hepatitis B vaccine to infants beginning at birth is safe, effective, and an important component of the comprehensive strategy to eliminate hepatitis B virus (HBV) transmission in the United States. In 1991, the Advisory Committee on Immunization Practices (ACIP) recommended that all children receive 3 doses of hepatitis B vaccine by 19 months of age. The first dose should be administered within 12 hours of birth to infants whose mothers are hepatitis B surface antigen (HBsAg)-positive or of unknown HBsAg status; vaccination at birth of children of HBsAg-negative mothers is preferred but should not be delayed beyond the age of 2 months. 1 In practice, routine vaccination of all infants at birth serves as a safety net, providing immunoprophylaxis to infants born to women with unsuspected HBV infection or HBsAgpositive women whose status is incorrectly recorded or interpreted as negative. Infants who receive hepatitis B vaccine at birth are also more likely to complete the 3-dose hepatitis B vaccine series on time 2 and may be more likely to receive other recommended vaccinations on time, although findings have not been consistent. 2, 3 In 1999, the US Food and Drug Administration determined that some newborns could be exposed to levels of ethyl mercury from the vaccine preservative thimerosal that exceeded some federal guidelines for mercury. These guidelines were derived from methyl mercury exposure data; no specific guidelines for ethyl mercury existed, and no adverse health effects from ethyl mercury in vaccines had been identified. 4, 5 However, some authorities expressed concerns about potential health problems and loss of public confidence in vaccination policies unless action was taken immediately. 6 As a precautionary measure, the American Academy of Pediatrics (AAP) and the US Public Health Service (USPHS) established the goal of reducing or eliminating thimerosal in pediatric vaccines. On July 9, 1999, the AAP and the USPHS issued a Joint Statement on Thimerosal in Vaccines, 7 which advised clinicians to temporarily postpone the first dose of hepatitis B vaccine from birth until 2 to 6 months of age for infants born to HBsAg-negative women. After licensure of hepatitis B vaccines that did not contain thimerosal as a preservative, recommendations to resume previous birth-dose practices were issued on September 10, 1999.
8 Supplies sufficient to vaccinate all newborns with preservative-free vaccine were available shortly thereafter. 9 Hospital surveys conducted in late 1999 and early 2000 indicated that routine hepatitis B vaccination of newborns did not immediately resume after preservativefree vaccine became widely available, and thimerosal-related vaccination recommendations were sometimes misinterpreted or improperly implemented.
10-14 However, the impact of the recommendation changes on vaccination coverage has not been evaluated.
Data on vaccination coverage among children aged 19 to 35 months in the United States are obtained annually from the National Immunization Survey (NIS). Coverage with 3 doses of hepatitis B vaccine increased each survey year from 1994 to 2000 (37%, 68%, 82%, 84%, 87%, 88%, and 90% respectively). [15] [16] [17] [18] [19] [20] [21] In 2001, however, coverage decreased slightly to 89% . However, the full effects of the thimerosal-related recommendation changes are likely to be obscured in previously published results because each year's NIS data include children born during a 28-month period, with children who were born before, during, and after these changes included in multiple NIS survey years.
We conducted a birth cohort analysis using the 2001 and 2002 NIS surveys. This approach allowed us to compare vaccination coverage of children born before, during, and after the release of the Joint Statement on Thimerosal in Vaccines and subsequent recommendation changes. We evaluated both the immediate and residual impact of the suspension of the birth dose of hepatitis B vaccine on vaccination coverage.
METHODS

National Immunization Survey
The NIS uses random-digit-dialing to survey households with children aged 19 to 35 23, 24 accounting for households without telephones by weighting those with interruption in telephone service, 25 and using response propensities to adjust for vaccination provider nonresponse. 26 Details of the NIS methods, including institutional review board approval for analysis of NIS data, appear elsewhere.
23,24
Definitions
Five birth cohorts were defined relative to the period when the hepatitis B birth-dose recommendation was suspended for infants born to HBsAgnegative mothers. The suspension was in effect only for children born July through September 1999. For the current analysis, this timeframe was extended through the end of 1999 to account for time necessary to distribute reformulated vaccine and reinstate birthdose policies. Thus, children born in July through December 1999 were defined as born "during the suspension" of the birth-dose recommendation for hepati- illustrates the birth months included in these NIS years, as well as the timeline of hepatitis B birth-dose recommendation changes and the definition of birth cohorts used for this analysis. Age at receipt of the first dose of hepatitis B vaccine was partitioned into 5 mutually exclusive categories based on ACIP recommendations: 1 day, 2 to 7 days, 8 days to 2 months, 3 to 6 months, and not by 6 months. Administration of the first dose within 12 hours of birth is recommended to prevent perinatal transmission of HBV; however, the NIS does not contain information on time of birth or time of vaccination. Therefore, we defined the birth dose as a dose administered on the same date as birth or the following date ("1 day"). To account for infants who remain in the hospital several days after birth but are vaccinated before discharge, a first dose administered after the first day but within 7 days was defined as "2 to 7 days." Vaccination guidelines in effect before and after the thimerosal-related changes called for administration of the first dose of hepatitis B vaccine by age 2 months for all children. During the suspension, the recommended timeframe for administration of the first dose was extended to 6 months of age. Thus, "on-time" vaccination was defined as receipt by 2 months for those born before or after the suspension and receipt by 6 months for those born during the suspension.
To determine the effect of the birthdose suspension on the overall vaccination program, we examined the association between birth cohort and coverage by 19 months of age for other vaccinations that are routinely recommended during the first 18 months of life. These include 4 doses of diphtheriatetanus toxoids-acellular pertussis (DTaP) vaccine, 3 doses of poliovirus vaccine, 1 dose of measles-mumpsrubella (MMR) vaccine, 3 doses of Haemophilus influenzae type b (Hib) vaccine, and 1 dose of varicella vaccine, in addition to the 3-dose hepatitis B vaccine series. 27, 28 Receipt of the 4:3:1:3 series (4 doses of DTaP, 3 doses of poliovirus vaccine, 1 dose of measlescontaining vaccine, and 3 doses of Hib) was also examined.
To describe factors associated with hepatitis B vaccination, various characteristics of the child, mother, and immunization providers were evaluated. In the household survey portion of the NIS, parents or caregivers reported race/ ethnicity of the child, number of children in the household, and mother's marital status, age, and education level. Poverty status was determined on the basis of household size, composition, and income reported by the survey respondent, as defined by the US Census Bureau. 29 Urbanicity (urban, suburban, and rural) was determined by respondents' telephone area code/exchange. 30 Census region was based on respondents' state of residence, as defined by the US Census Bureau. 31 Health care facility type (public, private, or other/mixed) was reported by the immunization providers. The number of providers was based on the number of usable vaccination records submitted for the child.
Analysis
Estimates of coverage rates, odds ratios, and standard errors were calculated using SUDAAN, version 8.0, 32 and 2 tests were conducted to assess the associations between birth cohort, age at receipt of the first dose of hepatitis B vaccine, and receipt of vaccinations by 19 months of age. The level of significance was set a priori at .05. Children born in months 7 to 12 before the suspension of the birth-dose recommendation were considered baseline for comparisons. Adjustments were not made for multiple comparisons because the a priori hypothesis was that there would be differences in coverage rates between those born before the suspension and those born during and after the suspension. Multivariate logistic regression models were constructed to evaluate the effect of birth cohort, along with sociodemographic factors, on receipt of the birth dose and undervaccination for hepatitis B vaccine at 19 months of age.
The magnitude of the public health impact of the changes in vaccination practices was estimated by applying the coverage estimates to the US infant population. We compared the number of infants in the United States who were unvaccinated or incompletely vaccinated against HBV during the suspension and in the year after to what would have been expected had late 1998 coverage levels been maintained.
RESULTS
The percentage of children who received a dose of hepatitis B vaccine on the day of birth or the day after birth ("1 day") varied substantially by cohort (FIGURE 2 and TABLE 1) . In the year before the suspension, more than 40% of children received a hepatitis B vaccine dose on the first day. First-day coverage decreased to 11% among children born during the suspension. For children born in the 6 months after and in months 7 to 12 after the suspension, first-day coverage was 23% and 33%, respectively (PϽ.001 and PϽ.001 compared with baseline at months 7-12 before the suspension).
Receipt of the first dose on time (ie, by 2 months of age for children born before or after the suspension or by 6 months of age for children born during the suspension) varied by birth cohort (Figure 2) . Among children born 7 to 12 months or within 6 months before the suspension, 93% and 92%, respectively, received their first dose of hepatitis B vaccine on time. Among children born in the 6 months after or 7 to 12 months after the suspension, ontime receipt of the first dose decreased to 82% and 89%, respectively (PϽ.001 and P=.001 compared with the baseline period). Among children born during the suspension, 89% received their first dose by 6 months. While administration of the first dose at 3 to 6 months of age was considered on time only for children born during the suspension, this practice was more common among those born after the suspension than at baseline (PϽ.001).
Completion of the recommended 3-dose hepatitis B vaccine series by 19 months of age also varied by birth cohort (Table 1) . Although 88% of children born 7 to 12 months before the suspension received at least 3 doses by 19 months of age, only 81% of children born during the suspension did (PϽ.001). Compared with the baseline period, coverage with at least 3 doses by 19 months of age remained significantly lower for children born in the 6 months after the suspension (85%, P=.02), but was not significantly lower for those born 7 to 12 months after the suspension (87%, P = .82).
The percentage of children who had not received any doses of hepatitis B vaccine by 19 months of age was 1.0% and 1.3% among children born 7 to 12 months before and in the 6 months before the suspension, respectively, but increased to 2.0% for children born during the suspension (PϽ.001 compared with baseline) ( Table 1 ). The percentage who did not receive any doses decreased again for children born in the 6 months after and months 7 to 12 after the suspension (1.3%, P=.23, and 1.0%, P = .85, respectively, compared with baseline).
With more than 4 million infants born in the United States each year, 33 the estimated decline of 7 percentage points in 3-dose hepatitis B vaccination coverage among children born during the 6 months surrounding the suspension and 3 percentage points in the following 6 months represent an excess 182 000 children in the United States who were either undervaccinated or unvaccinated against HBV at 19 months of age. Similarly, reductions of 14 to 24 percentage points in birth-dose coverage after the suspension represent approximately 750000 fewer newborns vaccinated during 2000 compared with 1998.
In multivariate analysis, children born during the suspension or in the 12 months after were less likely to receive the birth dose, after controlling for other factors (Table 1) . Other significant factors associated with not receiving the birth dose included having a mother who was more than 30 years old, having only 1 provider, having a private provider, living in a suburban area, or living in a household with no other children. Children born during the suspension or in the 6 months after were also significantly less likely to receive 3 doses of hepatitis B vaccine by 19 months of age, after controlling for other factors. However, the other factors associated with undervaccination at 19 months of age differed from those associated with not receiving the birth dose, including having a mother who was 20 to 29 years old or unmarried, having 2 or more vaccination providers, living in an urban area, or living in a family with more than 1 child. Children born during the suspension were more likely to be unvaccinated (ie, to have received 0 doses of hepatitis B vaccine by 19 months of age) compared with those born 7 to 12 months before the suspension, as were children living in an urban area or in the western region of the United States. Interactions between birth cohort and other factors were examined, but we found none that we believed to be of public health importance.
Coverage by 19 months of age for the recommended doses of DTaP, MMR, and Hib vaccines and the 4:3:1:3 series did not vary significantly by birth cohort (TABLE 2) . Coverage with poliovirus and varicella vaccines increased among the later birth cohorts.
COMMENT
This is the first evaluation to our knowledge of how US childhood vaccination coverage was affected by rapid changes in hepatitis B vaccine recommendations related to thimerosal safety concerns. While newborn first-day coverage with hepatitis B vaccine had reached 47% by late 1998, this fell to 22% to 33% in 2000, after the birthdose suspension was lifted. This reduction represents 750 000 fewer newb o r n s v a c c i n a t e d d u r i n g 2 0 0 0 compared with 1998.
Seroprevalence surveys involving many thousands of children would be necessary to determine if increased rates of perinatal and early childhood HBV infection occurred due to reductions in birth-dose hepatitis B vaccination, because HBV infections in infants and young children are usually asymptomatic. Each year, an estimated 20 000 HBsAg-positive women give birth in the United States 34 and are at risk of transmitting HBV infection to their infants. Despite the availability of effective testing and prevention methods, an estimated 900 to 1100 infants are infected with HBV in the United States annually. 35 Consequences of these infections may not be apparent for decades. However, studies have shown that 90% of those infected at birth will develop chronic HBV infection and 25% will die of liver disease as adults. timated 34% of chronic HBV infections among adults in the United States. 38 In addition to preventing the majority of perinatal infections, providing a birth dose of hepatitis B vaccine to all newborns sets the stage for timely completion of the vaccination series and prevention of HBV infection during childhood. Mathematical models indicate that, without childhood hepatitis B vaccination, an additional 18700 nonperinatal HBV infections would have occurred by age 10 years among children born in 1998 alone. 39 As many as 60% of those infected before 2 years of age, and 25% of those infected between ages 2 and 9 years, develop chronic HBV infection. 36, 40 Furthermore, we found that infants who received a birth dose were more likely to have risk factors for not completing the 3-dose series by 19 months of age, suggesting that decreased birth-dose coverage could disproportionately affect infants at high risk for undervaccination.
No changes were made in recommendations for completing the 3-dose hepatitis B vaccine series before 19 months of age. However, in addition to declines in birth-dose coverage, significant reductions in 3-dose coverage occurred among children born within the year (July 1999-June 2000) after the release of the Joint Statement on Thimerosal in Vaccines. These declines occurred after 6 consecutive years of increasing 3-dose hepatitis B vaccine coverage and despite increasing or sustained coverage levels for other vaccines. While it is encouraging that these declines were small and that 3-dose coverage rebounded among children born in the second half of 2000, even the temporary decline in coverage among children born during the suspension and the following 6 months represents an excess 182000 children in the United States who were undervaccinated and potentially unprotected against HBV infection when compared with 1998 coverage levels.
This analysis has several limitations. First, no information is available in the NIS regarding HBsAg status of mothers. This information would allow evaluation of the number of children at risk for perinatal transmission who did not receive the birth dose of hepatitis B vaccine. Furthermore, the number of children born during the suspension or in the year after who were infected with HBV perinatally or during early childhood is unknown because HBV infection in infants and young children is usually asymptomatic and therefore not reported. Second, because no information regarding time of birth or time of vaccination was available, the birth dose was defined as a dose given on the same date as birth or the following date. Thus, some children who were considered to have received the dose during day 1 of life may have received it up to 47 hours after birth. Third, by combining 2 years of survey data, we assume no secular trends in variables used in the weighting methodology. To minimize potential secular trends, only 2 years of data were used, although some children in the 2000 and 2003 NIS were born during our analysis period. Unweighted results were similar to those presented here, providing no evidence of substantial bias caused by the weighting methodology. Fourth, information on infant medical conditions that might cause appropriate delays in administration of the birth dose, such as birth weight less than 2000 g, were not available. However, few infants are born below this weight, and low birth weight was not likely to be more common among cohorts born after the thimerosal controversy than among those born before. 41, 42 Despite the published preference by the ACIP and the AAP for initiation of the hepatitis B vaccine series at birth for all infants, and the availability of pediatric hepatitis B vaccines that no longer contain preservatives, increasing birthdose coverage may be difficult. Challenges in tracking and reimbursement are barriers to giving the birth dose in hospitals, 43 as is a growing preference among pediatricians for multipleantigen vaccinations, which cannot be given at birth. 44 However, administration of a single-antigen hepatitis B birth dose followed by combination vaccines for subsequent doses is safe and effective. The resulting 4-dose hepati- tis B vaccine series is recommended by the ACIP, and eligible children can be given all 4 doses using vaccines purchased by the Vaccines for Children Program. 45 Hospitals and birthing centers can restore the safety net provided by the birth dose by (1) reinstating or initiating policies to provide hepatitis B vaccine to all newborns; (2) providing information on the most recent hepatitis B vaccination recommendations to parents and health care workers in newborn nurseries; (3) working with health care professionals and parents to integrate the birth dose into schedules based primarily on combination vaccines; and (4) exploring ways to facilitate information tracking, such as immunization registries.
Although thimerosal-related changes in hepatitis B recommendations were implemented quickly, unintended consequences did result. These included the long-term reduction of birth-dose coverage and reduction in 3-dose coverage for children born in the year after the birth-dose suspension, as described in this analysis, as well as reports of transmission of HBV to unvaccinated children born to HBsAg-positive mothers 10 and greatly reduced birth-dose coverage among infants born to women whose HBsAg status was unknown. 46 The risk to newborns of exposure to the quantities of mercury present in the thimerosal that was previously used in hepatitis B vaccine remains uncertain. [47] [48] [49] [50] Concerns about thimerosal in vaccines roughly coincided with 2 widely reported vaccine safety-related events. In 1998, Wakefield et al 51 proposed a relationship between MMR and autism that received extensive media attention, although the association was refuted by other investigators. 52 Second, during the period covered by this study, the relationship between rotavirus vaccine and intussusception was confirmed, and the recommendation for use of the vaccine was rescinded in July 1999. 53,54 Despite media reporting of vaccine-related controversies, 3-dose hepatitis B vaccine coverage rebounded, and no measurable declines occurred in other vaccines in the birth cohorts of this analysis. This suggests that, despite some concerns, public confidence in immunization remained strong.
Effective communication messages are a critical component of rapid changes in vaccination recommendations. Careful assessment of the communication strategies used during and after the suspension of the birth dose of hepatitis B vaccine may provide insights for developing general strategies for disseminating rapid changes in vaccine recommendations, whether due to safety concerns, shortages, or changes in disease incidence.
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